Abstract ---In this paper, a closed-form solution for the average bit error rate (BER) performance of a coherent DS-CDMA system with imperfect power control is derived for a multipath Rayleigh fading channel. The RAKE receiver under consideration employs exponentially weighted despreading function with an adjustable parameter y optimized for multiple access interference rejection in multipath environment. The results indicate that the number of active users supported at a given BER for the case of y tuned to maximize the average signal to interference plus noise ratio SINR is much larger than commonly used rectangular despreading function ( y = 0). It is shown that imperfect power control affects the irreducible BER for the case of y = 0. On the other hand, the effect of imperfect power control on BER performance for y tuned to maximize SINR is equivalent to a reduction in the average signal to white noise ratio 7, and hence system performance can be compensated by increasing the transmitter power.
I. INTRODUCTION
As is well known, the major limitations in CDMA performance are multipath fading, multiple access interference (MAI) and imperfect power control. In many performance analyses of CDMA systems, the assumptions are made that the transmitted power of each user is perfectly controlled and the waveform of despreading sequence in a receiver is the same as the spreading sequence assigned to a reference user [ 1-41. However, in a real system, the power control error always exists irrespective of power control methods being used. The effect of imperfect power control on performance was analyzed in [5] with the maximum diversity order of two. However, a typical DS-CDMA system over a terrestrial channel may operate with L,-branch diversity for better performance. Therefore, we are motivated to analyze the performance of a DS-CDMA system with power control error using any order of diversity to combat multipath fading. In this paper, the RAKE receiver using the exponentially weighted despreading function [6, 7] with an adjustable parameter y is analyzed and we show that by tuning y to maximize SINR, the RAKE receiver performs much better than conventional receiver with fixed y = 0 in multipath fading environment.
-
SYSTEM AND CHANNEL MODELS

A. Transmitter Model
Suppose there are K CDMA users accessing the channel. User k transmits a binary data sequence b,(t) and employs a spreading sequence al(t) to spread each data bit. The spreading and data sequences for the k th user are given by a,(t) = aik)PT.(t-jT,) and b, ( t ) = 2 by'P, ( t -jT,) where T, and T, are the chip and data durations, respectively, and P,(y) = 1 for 0 c y < x and 0 otherwise. In our study, bj*) and ay' are modeled as independent random variables taking values -1 or +1 with equal probabilities. It is assumed that there are N chips of a spreading sequence in the interval of each data bit and the spreading sequence for each user has period equal to N . In other words, ?;, = NT, and u :~) =a::; for all --oo < j < -i-. The transmitted signal for the k th user is , a -
I=-"
S,(t) =&Gkb,(r)
a,(t)cos(o,t+8,)
where the transmitted power P and the carrier frequency o, are common to all users, and the parameter 8, is the phase of the k t h user. The parameter G, represents the power control error for the k th user and is modeled as a random variable uniformly distributed in [l- which is independent of k and 1 .
At the central station, all user signals, after passing through their own particular channel, are added together and mixed with AWGN n(t) with two-side power spectral density No / 2 . Therefore, the input signal at the central station r(t) can be represented by
where gk, = 8, + q,, -work,, and the terms n,(t) and n, (t) are lowpass equivalent components of the AWGN n ( t ) . The random phases ($,,} are uniformly distributed over [0, 2n] . The random variables { G , } , { f l , , } , { r k 1 } and {$,,} are independent of each other.
C. Receiver Model
For BPSK modulation, a single-path matched filter of a RAKE receiver using coherent detection is shown in Fig.  1 .
1
Fig. 1 The structure of a path 1 matched filteI of user's k RAKE receiver.
For MA1 rejection, a bank of single-path matched filters, each of which is matched to different paths, have the same impulse response matched to 22, For MAI rejection, we therefore define [6, 7] 
IIL SYSTEM PERFORMANCE
We arbitrarily choose the i th user as the reference user and analyze the performance of the RAKE receiver with coherent detection for data symbol bf). After the I th path matched filter which has the impulse response matched to 2a^,(t)cos(m, t)PK ( t ) , the conditional output Since the carrier frequency f,, is much larger than T-' in practical systems, the double-frequency terms in (7) is ignored in our analysis. Then (7) is reduced to where the first, second, third ,and forth components are the desired, AWGN, MAI, and self-generated multipath interference components which are described in detail below.
Using (5) ,(6) and (8), the desired signal term of the RAKE receiver S,(k), which is the weighted sum of the outputs of the single-path matched filters, is given by [7] si ( 
I=n
Thus the variance of the total AWGN N , ( A ) of the i th RAKE receiver, conditioned on {PJ and {cj')}, and denoted by o;,,~,, .:,, , is given by [7] o&P,,,
The third term in (8) is the MA1 term of the I th singlepath matched filter of the i th RAKE receiver and Yk,n,, can be expressed as
where rz.') = z,, -T,, , R,k (7) = lo"a, ( t -z ) ;
, (t)dt and i A ( r > =~T 7 b a k ( t -z ) & , ( t ) d t .
The total MA1 of the i th RAKE receiver Z,,k, which is the weighted sum of the MA1 terms of the single-path matched filters, may be expressed as
The variance of the total MA1 I i C , denoted by o~, , , ,~~~~ and conditioned on {pLl} and {c:)}, is then given by [7] The fourth term in (8) is the self-generated multipath interference term of the 1 th single-path matched filter.
However, the total self-interference of the i th RAKE receiver does not have a significant effect on performance comparison because of the fact that the self-generated interference will have much less power than the MA1 when the number of active users K >> 1. Therefore, for simplicity, we ignore this term in our analysis.
By definition, the total conditional signal to interference plus noise ratio SINR, of the decision variable of the reference RAKE receiver may be expressed in the form (12) and (15), respectively.
Because the MA1 is the sum of many independent couser signals, it can be modeled as conditional zero-mean Gaussian process. Using this approach the conditional error probability l$,, ] ,~, , conditioned on { p,, } , G, and { c:') } , is given by <:';,,I,, = Q(@q (18) (19) where 1
~( x )
= -1 ; e-'>j2dt .
-J23z
It is well known that the RAKE receiver under consideration is equivalent to a receiver with maximal ratio combiner [8] . Since it is assumed that E[p:] = 2 p for all paths and users, the conditional error probability F$, , conditioned on G, and {c:')}, is then given by (eq. According to Appendix A of [7] , a closed-form solution for (23) is given by
~' J~~~E~S I I V R ( d -3 )
(24) where a=(l+&,,,) SINR and b=(l-&,") SINR. Eq. (24) ---will enable us to compute the BER for coherent reception at a given set of system parameters.
IV. NUMERICAL RESULTS
In this section, we present numerical results on the BER performance of a coherent DS-CDMA system with power control error using RAKE reception over a multipath Rayleigh fading channel. We demonstrate the improvement on performance using the proposed weighted despreading function and the degradation of performance due to imperfect power control. In the following, it is assumed that the average fading power p is perfectly estimated and the i th user's spreading sequence is a random binary sequence with length N = 255. In this sequence, G, = 134, = 33, r[-l,-l,,k +r(,.+li = 70, r:i.),lj = 25. We use (24) to compute the probabilities of error at a given set of system parameters. Fig. 2 shows the BER versus the average signal to white noise ratio 7, with diversity order L, varies from 1 to 4. the maximum value of power control error E , as a parameter. It is clear that the BER performance degradesfor both cases of y = 0 and y tuned to maximize SINR as E," increases. In relative high r,, (2 15 dB), E, affects the irreducible error probability (or floor of error probability) for the case of y = 0. As a result, the degradation of system performance can not be compensated by simply increasing 7,. However, for the case of y tuned to maximize SINR, the effect on performance due to imperfect power control is equivalent to a reduction of r, so that the degradation of system performance can be compensated by increasing 7,. For example, as E,# increases from 0 to 0.3, the penalty of 7, is about 1.25 dB when 7, 2 10 dB . In Fig. 4 , the average signal to interference plus noise ratio SINR is plotted as a function of y for various values of y h . The solid and dashed curves correspond to the cases of E," = 0 and E,,, = 0.6, respectively. One can see that the effect on SINR due to imperfect power control is not obvious. Based on the results shown in Fig. 3 , we can see that the degree of SINR reduction relative to that of BER performance degradation due to imperfect power control is very small.
---
V. CONCLUSIONS
In this paper, the BER performance of a coherent DS-CDMA system with power control error using RAKE reception over a multipath Rayleigh fading channel has been evaluated and a closed-form solution for the BER performance has been obtained. For MA1 rejection, the RAKE receiver employs the exponentially weighted despreading function. Numerical results show that tremendous improvement on performance can be achieved using both multipath diversity and the proposed weighted despreading function in the receivers. Imperfect power control for the case of y = 0 increases the irreducible error probability (or floor of error probability) in relative high average signal to noise ratio 7,. On the other hand, the penalty on performance with power control error for the case of y tuned to maximize SINR is equivalent to a reduction of 7, at a given BER in a DS-CDMA system. Therefore, when y is tuned to maximize SINR, the degradation of performance due to imperfect power control can be compensated by increasing 7,. We also show that the effect due to imperfect power control on the BER performance is significant while that on the maximum value of SINR obtained by tuning y is rather insignificant,
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